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The cell walls of four gliding filamentous Oscillatoriaceae species comprising three different genera were
studied by freeze substitution, freeze fracturing, and negative staining. In all species, the multilayered gram-
negative cell wall is covered with a complex external double layer. The first layer is a tetragonal crystalline
S-layer anchored on the outer membrane. The second array is formed by parallel, helically arranged surface
fibrils with diameters of 8 to 12 nm. These fibrils have a serrated appearance in cross sections. In all cases, the
orientation of the surface fibrils correlates with the sense of revolution of the filaments during gliding, i.e.,
clockwise in both Phormidium strains and counterclockwise in Oscillatoria princeps and Lyngbya aeruginosa. The
lack of longitudinal corrugations or contractions of the surface fibrils and the identical appearances of motile
and nonmotile filaments suggest that this structure plays a passive screw thread role in gliding. It is
hypothesized that the necessary propulsive force is generated by shear forces between the surface fibrils and
the continuing flow of secreted extracellular slime. Furthermore, the so-called junctional pores seem to be the
extrusion sites of the slime. In motile cells, these pores exhibit a different staining behavior than that seen in
nonmotile ones. In the former, the channels of the pores are filled with electron-dense material, whereas in the
latter, the channels appear comparatively empty, highly contrasting the peptidoglycan. Finally, the presence of
regular surface structures in other gliding prokaryotes is considered an indication that comparable structures
are general features of the cell walls of gliding microbes.

Many multicellular, filamentous cyanobacteria move on
solid surfaces by a type of motility described as gliding. Gliding
is not exclusive to cyanobacteria but rather is widespread
among prokaryotes (for a review, see references 3 and 20). It
is unknown whether gliding motility is in all cases based on a
common mechanism.
Gliding of the nonpolar, filamentous cyanobacteria appears

as a slow uniform motion, occasionally interrupted by reversals
(13). Neither wriggling nor contraction nor peristaltic alter-
ations of the filamentous trichomes are detectable by light
microscopy (38). Members of the Oscillatoriaceae translocate
in a highly coordinated manner. Translational movements are
accompanied in most species by revolution around the long
axis of the filament (4). While moving, the trichomes secrete
slime which is left behind as a twisted and collapsed thin tube
(20). The sense of revolution is unique and species specific
(46), as evinced by the handedness of the rotation.
The lack of flagella or of other plausible locomotive or-

ganelles is puzzling. Electron microscopic studies have so far
failed to identify motor structures common among gliders. A
number of unusual structures have been described which may
or may not be related to this peculiar type of motility. This list
comprises spinning discs (37), fibrils within the cell or the cell
wall (2, 47), chain-like strands (31), anchorage sites of the cell
surface (29), contractile surface appendages (33), cellular in-
clusions (rhapidosomes) (9), and extruded extracellular mate-
rial (10, 41).
Halfen and Castenholz (23) described a ‘‘locomotory ma-

chinery’’ which is assembled from parallel fibrils with diame-
ters of 5 to 8 nm, aligned in a helical array just underneath the
outer membrane. The correspondence of the fibril arrange-
ment and the helical path of the filaments (21) was taken as an
indication that these structures are indeed involved in motility.

As the morphological preservation of these putative motor
fibrils in thin sections was not satisfactory and the correlation
with structures seen in freeze fracture barely possible, we have
reinvestigated the envelope structure with recently developed
cryotechniques. These techniques provide a much improved
structural preservation of the cells (for a review, see references
16, 18, and 24), which is an indispensable prerequisite for the
investigation of such delicate structures.
In this communication, we describe the envelope structures

of four species of gliding cyanobacteria and discuss them in
relation to motility. It is demonstrated that these species,
belonging to different genera (Oscillatoria, Phormidium, and
Lyngbya), possess identical structures on their trichome sur-
faces.

MATERIALS AND METHODS

Cyanobacterial strains and culture conditions. Oscillatoria princeps, isolated
from a canal at Schloß Nymphenburg, Munich, Germany, in May 1991, was
grown in 500-ml Erlenmeyer flasks in a mineral medium (5). In addition, two
strains of Phormidium uncinatum were used, a black-colored strain isolated in
Tübingen (35) and a green-colored one from Lake Baikal (14). Both strains differ
not only in pigmentation but also in growth, morphology, and motility. Lyngbya
aeruginosa was obtained from the Göttingen algal culture collection (strain
number B47.79). All three species were cultivated on an agar (0.4%) mineral
medium (36) under constant white light (800 lx) at a temperature of 208C.
Sample preparation. All preparation conditions were selected to optimize

gliding motility. Immediately before chemical or physical fixation, motility was
examined by light microscopy. For all fixation and embedding protocols, fila-
ments were put on cigarette paper (Job no. 807S) and placed in a wet chamber.
After 1 or 2 h under appropriate light conditions, the filaments still glide in an
undisturbed manner. Ultrathin sections were made only from embedded fila-
ments which were in motion at the time the fixation started.
Conventional fixation. For conventional chemical fixation, the paper with the

organisms was immersed in medium containing 2% (vol/vol) glutaraldehyde for
2 h at room temperature. Fixed cells were washed twice with pure medium,
postfixed with either 2% (wt/vol) osmium tetroxide alone or a mixture of 2%
(wt/vol) osmium tetroxide and 1% ruthenium red (30) in medium for 2 h at room
temperature and washed again with medium twice. The filaments on the paper
were then dehydrated through a graded acetone series, infiltrated overnight at
room temperature in an acetone-Epon 812 mixture (1:1), embedded in fresh
Epon 812, and polymerized at 608C for 36 h.
Freeze substitution. For freeze substitution, the prepared gliding filaments
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were immediately cryofixed either by slamming them onto a copper block cooled
with liquid helium (11) or by plunging them (4 m s21) into liquid ethane (8).
Substitution was performed in pure acetone containing 2% (wt/vol) osmium
tetroxide and a molecular sieve (pore diameter, 0.4 nm) for 80 h at 2878C (see
also reference 18). The temperature was gradually increased (11.88C/h) to2428C
and then to 08C (10.08C/h). Excess fixative was removed by washing the samples
with pure acetone at room temperature. The samples were infiltrated with
acetone-Epon 812 mixtures (2:1 for 1 h, 1:1 for 1 h, and 1:2 overnight with
opened covers to allow the acetone to evaporate), transferred into fresh pure
Epon 812 for 3 h, embedded, and polymerized at 608C for 36 h.
Cryofixed samples were dehydrated in acetone containing 0.3% uranyl acetate,

3% glutaraldehyde, and a molecular sieve (for complete dehydration) for 80 h at
2878C. The temperature was then increased to 2428C (8.08C/h) and held con-
stant for 6 h. The samples were washed with pure acetone at the same temper-
ature and infiltrated with acetone-Lowicryl (HM 23) mixtures (1:1 for 75 min and
1:2 for 2 h), embedded in pure Lowicryl for 2 h, and polymerized by UV radiation
for 24 h at 2428C and for 80 h at room temperature.
Some samples were cryosubstituted with diethyl ether containing 2% (wt/vol)

osmium tetroxide and a molecular sieve at2858C for 21 days. The tubes with the
samples were placed in a massive two-part cylindrical aluminum block (diameter,
12 cm, and height, 16 cm) that had central holes and that was cooled to 2878C.
After substitution, the blocks containing the samples were placed in an insulation
jacket and slowly warmed up to room temperature (2.08C/h). The samples were
washed with pure diethyl ether and infiltrated with diethyl ether-Spurr mixtures,
transferred into pure Spurr medium, and polymerized at 708C overnight.
Freeze fracturing. Filaments were processed for freeze fracturing and etching

according to standard protocols. Briefly, the filaments were infiltrated stepwise
with glycerol (25%), mounted between copper sandwiches, and frozen with a
propane jet (Cryo-jet QFD 101; Balzers). Alternatively, motile filaments on
cigarette paper were frozen by plunging or slamming them without fixation or
cryoprotection. The latter samples were glued on top of a drop of butylbenzene
at 2808C and fractured with a knife. Freeze fracturing was performed with a
Balzers BA 360 unit at 21158C. After the samples were etched for 1 to 3 min,
carbon-platinum was deposited unidirectionally at an angle of 458 and the rep-
licas were reinforced with carbon, cleaned with 70% sulfuric acid, and picked up
on 400-mesh copper grids.
Light and electron microscopy. Living trichomes of the different species were

examined by means of a light microscope equipped with bright-field, phase
contrast, and differential interference contrast optics.
For electron microscopy, thin sections were mounted on Formvar carbon-

coated copper grids. Sections were routinely poststained with 2% (wt/vol) uranyl
acetate and lead citrate (40). Isolated cell wall layers were negatively stained on
glow discharge-treated carbon films with either 2% (wt/vol) uranyl acetate or
1.5% (wt/vol) sodium phosphotungstate at pH 6.8 containing glucose (0.015%)
to promote homogeneous staining. For electron microscopy, a Philips CM 10 was
used at 100 kV.
Cell wall preparation. Filaments of P. uncinatum Baikal harvested by centrif-

ugation were washed twice in 20 mM Tris-HCl (pH 7.4) with 5 mM MgCl2. The
cells were then broken in an ice-cooled cell mill (Vibrogen; Bühler) in the
presence of DNase II and 20 mM phenylmethylsulfonyl fluoride as a proteinase
inhibitor. Crude cell envelopes were obtained by differential centrifugation (5
min at 200 3 g and 15 min at 10,000 3 g) and purified with a Percoll density
gradient for 1 h at 1,000 3 g. A pale orange-colored pellet formed at the bottom
of the tube, and a broad band of low density appeared at the top of the tube. The
former contain purified cell walls, and the latter contained thylakoids and cell
debris. To remove the Percoll, the cell walls were washed five times with the
Tris-HCl buffer containing MgCl2 and phenylmethylsulfonyl fluoride (48).

RESULTS

Morphology of cell walls in conventional preparations. Thin
sections of the cells revealed, for all species investigated in our
study, a complex multilayered envelope structure which is
characteristic of cyanobacteria (7, 15). Proceeding from inside,
the cytoplasmic membrane (about 6 nm) is covered by a pep-
tidoglycan layer of variable thickness (ranging from 10 to 25
nm in P. uncinatum and L. aeruginosa to 250 to 650 nm in O.
princeps) and an outer membrane (about 6 nm). The cell en-
velopes combine gram-positive (thick peptidoglycan) as well as
gram-negative (outer membrane) features.
Typically, the outer membranes in all species are highly

convoluted, as is often seen in conventionally prepared sec-
tions of gram-negative bacteria. Once this appearance was
thought to be the consequence of undulating movements of the
outer membrane (3), but in fact this seems to be an artifact
caused by postmortem shrinkage of the cells during fixation
and dehydration. While the spacing observed between the

outer membrane and the peptidoglycan layer was relatively
constant (maximum, 10 nm), it varied strongly between the
peptidoglycan layer and the cytoplasmic membrane (varying
from about 0 to 100 nm in all investigated species).
The preservation of the extracellular polysaccharides of the

investigated species is rather poor. The slime secreted during
gliding is lost during the processes of dehydration and embed-
ding, although the more condensed sheaths of old, nonmotile
trichomes are often well preserved, especially when ruthenium
red is added to the fixative.
Improved morphology of cell walls after cryosubstitution: a

view based upon comparison of freeze-substituted cells with
conventionally prepared cells. Envelope profiles of freeze-sub-
stituted cells appeared quite different from those of conven-
tionally fixed ones (Fig. 1A, B, C, and D). All the outer mem-
branes show rather straight double-track structures with
uniform widths of 6 to 8 nm. At every cross wall, the outer
membrane invaginates slightly, forming a junction with the
underlying peptidoglycan (Fig. 1E and F). These circumferen-
tial junctions resemble the periseptal annuli described for sev-
eral other eubacteria (32). The junctions separate the part of
the periplasmic space between the outer membrane and the
peptidoglycan of the single cells within the filaments. They are
situated at the midplane between junctional pores (26) which
pass through the peptidoglycan from cells on either side of the
cross wall. The periplasmic space ranges from 6 to 14 nm and
appears homogeneous; it is not translucent, as it is in conven-
tional preparations. The cytoplasmic membrane often appears
as a single electron-dense line 3 to 4 nm in width, corroborat-
ing the observation that the outer face is tightly pressed against
the peptidoglycan and, therefore, difficult to observe (17). On
occasion, the cytoplasmic membrane appeared as a double-
track profile with a width equal to 6 to 9 nm, with the inner
track less densely stained. Obviously, the tight association of
the cytoplasmic membrane and the peptidoglycan obtained by
cryotechniques seems to represent a more reliable image of the
turgid state of the cells.
The electron-dense peptidoglycan has a uniform width rang-

ing from 15 to 30 nm in L. aeruginosa up to 35 nm in both
Phormidium strains and 300 to 700 nm in O. princeps. In gen-
eral, the peptidoglycan was thicker and the structure was more
homogeneous in cells prepared by cryotechniques than in
those prepared conventionally.
Ultrastructure of the pores of the cell walls. Among the

species we have studied, O. princeps is the only one that has the
large pores (21). These large pores have diameters of up to 350
nm at their bases and center-to-center spacings of ca. 400 nm
(Fig. 1C and 2D and E). They are in fact nonpenetrating
discontinuities of the peptidoglycan filled with cytoplasm
rather than real pores. All four species, however, have the
junctional pores described previously by Lamont (26) (Fig. 1E
and F and 2D and E). These junctional pores form channels
radiating outward from the cytoplasm on opposite sides of the
septa at angles of approximately 630 to 6408 relative to each
septum. In all the species, the junctional pores of motile fila-
ments were filled with material of approximately the same
electron density as that of the peptidoglycan and, therefore,
were barely visible (Fig. 1E and F). The channels of the pores
could be easily observed in nonmotile filaments of O. princeps,
L. aeruginosa, and P. uncinatum (strain Baikal), in which they
appeared as electron-translucent structures (Fig. 2D and E).
However, the junctional pores are also present in motile fila-
ments; this could be demonstrated by negative staining of iso-
lated murein sacculi (Fig. 3B). The diameters of the junctional
pores are about 14 to 16 nm, while the center-to-center dis-
tances are approximately twice the diameter. These dimen-
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FIG. 1. (A) P. uncinatum (strain Tübingen). Cross section of cryosubstituted motile filament showing the complex external layer with its serrated substructure. CM,
cytoplasmic membrane; EL, serrated external layer; F, hair-like fibers; OM, outer membrane; P, peptidoglycan; PS, periplasmic space. Bar, 200 nm. (B) P. uncinatum
(strain Baikal). Cross section of cryosubstituted motile filament with the EL. Bar, 200 nm. (C) O. princeps. Cross section of a cryosubstituted motile filament showing
the outer pattern of the EL. LP, large pore. Bar, 200 nm. (D) L. aeruginosa. Cross section of a cryosubstituted old immobile trichome. The EL is clearly visible, but
the serrated substructure is lost. S, sheath. Bar, 200 nm. (E) P. uncinatum (strain Tübingen). Longitudinal section showing the multilayered cell wall. The junctional
pore (JP) channels are filled with material. At the young cross wall (CW) bud at the left side, the channels start to evaginate. On the outer side, the circumferential
junction (CJ) with the outer membrane is still not developed. Bar, 200 nm. (F) P. uncinatum (strain Baikal). Longitudinal section showing the CJ at the CW. Bar, 100
nm.
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FIG. 2. (A) Light micrograph of filaments ofO. princeps secreting slime stained with India ink. The slime bands move in a helical pattern along the surface of the trichome,
which is suspended in medium. Because of the reversed view of the light microscope, the arrangement of the slime bands is counterclockwise with respect to the cell. Bar, 100
mm. (B) Light micrograph of the sheath of a nonmotileOscillatoria filament (differential interference contrast image). At the surface of the sheath, the helically arranged sheath
fibrils (S) are visible. Because of the reversed view of the light microscope, the arrangement of the fibrils is counterclockwise with respect to the cell. Bar, 20mm. (C)O. princeps.
Tangential section revealing the helical pattern of the serrated periodic surface fibrils (EL). LP, large pore. Bar, 200 nm. (D)O. princeps. Tangential section of a nonmotile
filament with the EL. The junctional pore (JP) channels possess a high contrast to the murein. The arrangement of the EL is counterclockwise. Note that the orientation of
the filament is indicated by the large arrow. Bar, 2mm. (E) O. princeps. Longitudinal section of a developing cross wall (CW) with the JP starting to evaginate. Bar, 200 nm.
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FIG. 3. (A) P. uncinatum (strain Baikal). Isolated cell wall with the outer membrane and the serrated external layer (EL) still attached. On both sides of the cross
wall, the ring-shaped counterparts of the junctional pores with their central pores are visible. Bar, 150 nm. (B) P. uncinatum (strain Baikal). Isolated murein sacculi
with the negative stained junctional pores (JP). CW, cross wall. Bar, 150 nm. (C) P. uncinatum (strain Baikal). Isolated outer membrane patch with the ring-shaped
counterparts of the JP. Bar, 150 nm. (D) P. uncinatum (strain Tübingen). Tangential section of a motile filament showing the helical, clockwise arrangement of the EL.
The secreted slime is not preserved. The large arrow indicates the long axis of the filament. Bar, 250 nm. (E) P. uncinatum (strain Baikal). Average of 237 ring-shaped
counterparts of the JP. Bar, 10 nm.
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sions were very similar in all the species. In negatively stained,
isolated outer membranes, a ring-like structure was found (Fig.
3C and E). These ring structures consisted of a less-electron-
dense peripheral zone, 14 to 16 nm in diameter, and a central
opaque core structure of 7 to 8 nm. These ring structures are
very similar to the ‘‘perforations’’ of cyanobacterial cell walls
described by Guglielmi and Cohen-Bazire (19). As the diam-
eter, center-to-center spacing, number, and location at the
cross wall of this complex ring structure match the dimensions
and the arrangement of the junctional pores, the ring struc-
tures seem to be the structural counterparts of the junctional
pores in the outer membrane (Fig. 3A, B, and C).
Images of septa in different states of development clearly

show the formation of the channels of the junctional pores
(Fig. 1E and 2E). Interestingly, the junction of the outer mem-
brane is not the initial site of development. As in other cya-
nobacteria (28), the formation of the pore channels starts on
the cytoplasmic side of the peptidoglycan. As the cross wall
grows, the channels become deeper. The circumferential mem-
brane junction (Fig. 1E and F) is not established until the pores
span the whole peptidoglycan.
Surface structures. All the species possess additional layers

on the top of the outer membrane which are 11 to 20 nm thick
in cryopreparations (Fig. 1A to F). The external surface shows
serrated structures of between 4.5 nm and 6.5 nm in height and
having a width at the base of up to 12 nm. Electron microscopy
of negatively stained isolated cell walls revealed that the com-
plex layer consists of a tetragonal S-layer (Fig. 4) together with
a tightly bound fibrillar array which forms the serrated struc-

tures in cross sections and is regular but apparently not crys-
talline.
In some filaments, fuzzy or hair-like fibers are visible radi-

ating outwards from the external layer surface (Fig. 1A). In
both Phormidium strains and L. aeruginosa, the fibers had
maximum lengths of 20 to 30 nm, while those in O. princeps
were 17 to 50 nm. Whether these fibers represent an early
stage of the development of the sheath is not yet clear. In
tangential sections, the serrated structures (with or without
fibers) run in parallel and form helical arrays around the
trichome surface with a pitch of 65 6 38 in all the species. The
orientation of these periodic surface fibrils corresponds to the
sense of rotation of the organism during the gliding movement.
In O. princeps and L. aeruginosa, which rotate counterclock-
wise, the arrangement is counterclockwise (Fig. 2C and D),
while in all the other species, the rotation is clockwise, as is the
arrangement of the surface fibrils (Fig. 3D). We were unable to
detect any further structures on the filament surface or within
the cell wall which had features suggesting a relationship with
the mode of movement.
Ultrastructure of the slime and the sheath. Even with cryo-

substitution, the extracellular slime was either barely or not
preserved at all, except for those of the Phormidium strain
Tübingen and L. aeruginosa, for which a high concentration of
OsO4 (4% or more) allowed them to be preserved. The slime
tube, which is shed behind the trichome (Fig. 5A and B), is
between 10 and 50 nm thick and composed of fine, more or less
parallel fibrils with diameters of 4 to 6 nm. The orientation of
these slime fibrils corresponds to the orientation of the surface
fibrils. This coincidence is very strong in the contact zone
between the slime and the surface fibrils and becomes less
pronounced in the outer part of the slime tube (Fig. 6A and B).
If the slime is secreted in minimal amounts by the filament, this
slime moves along the surface of the stationary filament in
helical bands (Fig. 2A). By comparison, highly motile filaments
glide through an elastic slime tube (Fig. 5A) which is left
behind as a collapsed and twisted trail (Fig. 5B).
The sheaths of the nonmotile trichomes were always pre-

served, although these structures often show some structural
disintegration (Fig. 1D). In accordance with earlier findings
(27), we found that in the counterclockwise-rotating O. prin-
ceps (Fig. 2B) and L. aeruginosa, the sheath fibrils form a
left-handed helix, while they form a right-handed helix in the
clockwise-rotating Phormidium strains (data not shown).
Therefore, the orientations of the sheath fibrils and the surface
fibrils of the serrated external layers were identical.
Freeze fracturing and freeze etching provided further struc-

tural information. Arrays seen on the surfaces of the cells
showed the helically arranged surface fibrils with diameters of
8 to 12 nm. In all the species, the trichome surfaces were
covered with slime, composed of fine fibrils which run parallel
to the external surface fibrils (data not shown).

DISCUSSION

While most theories about the gliding movement of cyan-
obacteria assume a mechanical interaction between the cell
surface and the substrate, it is still a matter of controversy how
the moving force is generated in the shearing zone. Two fa-
vorably suggested mechanisms are submicroscopical contrac-
tion waves of helical fibrils below the outer membrane (23) and
the extrusion of slime which pushes the filament forward (6,
42).
The careful reinvestigation of the cell envelope of O. prin-

ceps by cryotechniques did not reveal any fibrillar structures
underneath the outer membrane as described by Halfen (21).

FIG. 4. P. uncinatum (strain Baikal). Isolated cell wall with a large patch of
the p4 symmetric S-layer still attached to the outer membrane. Bar, 100 nm. The
inset shows a two-dimensional reconstruction of the S-layer, based upon the
micrograph. Lattice constant, 11.2 nm.
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As the circumferential junctions partition the periplasmic
space between the peptidoglycan and the outer membrane at
every septum, this is not a continuous compartment along the
whole filament. It is therefore unlikely that fibrils with diame-
ters of 5 to 8 nm could run along the entire length of the
filament in the space beneath the outer membrane. Instead, it
now seems likely that the helically arranged surface fibrils
which create the serrated appearance in cross sections corre-
spond to the formerly described ‘‘fibrils just under the outer
membrane’’ (22), except for their location.
The whole complex external surface layer is formed by two

different structural elements (Fig. 7): a tetragonal S-layer an-
chored to the outer membrane and a parallel array of helically
arranged surface fibrils with a regular spacing of 14 nm on top
of the S-layer. The presence of an S-layer in gliding filamen-
tous cyanobacteria is surprising (44). So far, S-layers have not
been observed in gliding bacteria, with the exceptions of Flexi-
bacter polymorphus (41) and Thioploca, Beggiatoa (34, 45), and
Herpetosiphon spp. (39). Only the Flexibacter and Beggiatoa
layers have been described in some detail. The former con-
sisted of closely packed goblet-shaped particles, while the lat-
ter possessed longitudinal surface fibrils that strongly resemble
the surface fibrils described in this study.
A striking observation is that the orientation of the surface

fibrils of the external layers is correlated with the screw-like
motion of the filaments. As the helical surface fibrils represent
the shear zone of the filament, they might play an important
role in the process of gliding. This role could be either an active
one, i.e., the fibrils act as a contractile motor, or a passive one,
i.e., they provide a screw thread structure guiding the rotation
of the trichome.
We hypothesize that the extrusion of slime, which moves

relative to the helical surface fibrils, should create sufficient
power to drive the trichome forward and thereby promote the
rotational movement. The alternative possibility, that the sur-
face fibrils are themselves the contractile motor, seems for us
unlikely because of the fact that contractile processes are en-
ergy dependent and have to be driven by ATP or by a proton
gradient across the cytoplasmic membrane. The position of the
S-layer–surface-fibril complex outside the outer membrane ap-
pears to be too far away from the cytoplasmic membrane to
permit such an energy supply. In addition, none of the S-layers
studied so far are energy-controlled structures (43). Taking all
these observations into account, an active role for the S-layer–
surface-fibril assembly is hardly imaginable.
A prerequisite for the hypothesis of a passive screw thread

function of the surface fibrils would be that the interaction has
appropriate physicochemical properties (12). The electron mi-
croscopical images clearly demonstrate that the slime layer
does not extend more than several nanometers beyond the
serrated surface fibrils (Fig. 1). The images also show an iden-
tical orientational arrangement, especially at the inner contact
zone (Fig. 6). The appropriate physicochemical properties
mean that the interaction of the slime, the surface fibrils, and
the substratum allows translational motion along the surface
fibrils but not along the substratum. Similar temporary adhe-
sive properties have been demonstrated for the slime of Flexi-
bacter isolates (25) and would also explain the observed move-
ments of particles sticking to the mucus (6, 42).
A rough estimate of the amount of extruded mucilage shows

that only about 5% of the metabolic activity of motile cells is
required. While the total increase of biomass in Phormidium
cultures (strain Baikal) at exponential growth was about 3.7 mg
of dry weight per petri dish per day, within the same time, the

FIG. 5. (A) Light micrograph of a rapidly gliding L. aeruginosa filament leaving behind its slime tube, which is stained with India ink particles that are sticking to
the mucus. The image is reversed to show the arrangement with respect to the filament. Bar, 10 mm. (B) Scanning electron micrograph of a collapsed slime tube behind
an L. aeruginosa filament. As a result of the friction between the slime and the filament surface during rotation, the tube is folded with respect to the long axis of the
filament.
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produced biomass of slime was only about 175 mg. Certainly,
this calculation is not very accurate, but it does not seem to be
an unreasonable estimate.
Although the topography of the cell surface could explain

the helical movement, one observation is still difficult to ex-
plain: the direction of movement in members of the Oscillato-
riaceae frequently changes. These reversals indicate that the
motor is able to switch or that the direction of extrusion has to
switch. Structures which could fulfill these requirements are
the junctional pores which point in opposite directions at the
cross walls of neighboring cells. If only those pores in all the
cells of the filament which are directed to the same pole of the
trichome secrete slime, a directed movement forward or back-
ward will result. So far, we have only indications that the
junctional pores are involved in slime extrusion, as the pore
channels are filled with electron-dense material in motile fila-
ments but are empty in nonmotile ones. However, the junc-
tional pores seem to be the only place where a rapid extrusion
of slime could be possible. They are the only identically ar-
ranged ring-like structures located in the outer membrane
which might facilitate slime extrusion. Interestingly, the ap-

FIG. 6. (A) P. uncinatum (strain Tübingen). Grazing surface section of a highly motile filament with the preserved slime fibrils (SF). The arrangement of the
serrated surface fibrils (EL) and the SF is identical. Bar, 200 nm. (B) P. uncinatum (strain Tübingen). Grazing surface section of a highly motile filament with the SF.
The arrangements of the EL and the SF are identical. Bar, 200 nm.

FIG. 7. A schematic diagram showing the cell wall structure of the gliding
members of the Oscillatoriaceae. The orientation of the serrated surface of the
external layer varies, depending on the sense of revolution of the filament during
gliding. CW, cross wall; CJ, circumferential junction; EL, external layer; JP,
junctional pore with its counterpart in the outer membrane; OM, outer mem-
brane; P, peptidoglycan; PS, periplasmic space; S, serrated surface of the external
layer; SL, tetragonal S-layer.
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pearance of these outer membrane structures shows a high
similarity with that of pores in Acetobacter xylinum (49), in
which the pores are the export sites of cellulose fibers (1).
The idea of jet propulsion as the basis for gliding motility has

always evoked controversy. It should be emphasized that the
slime is not propelled out at one end, with the effect that the
filament is moved in the opposite direction. If this were true,
the filaments should also move freely when suspended in the
medium, which has never been observed. Indeed, we believe
that the proximity of the filament surface, the slime, and the
substratum will create shear forces sufficiently large to move
the organism.
Although we can now correlate gliding in members of the

Oscillatoriaceae with certain surface structures, we are of
course far from a full understanding of the complex mecha-
nism of gliding. The isolation and biochemical characterization
of the S-layer and the surface fibrils as well as a more elaborate
examination of the slime extrusion process have to be carried
out in order to reach a more complete understanding of the
gliding process. Further investigations should also clarify
whether highly ordered surface structures (like in the above-
mentioned species) are common features of the cell walls of
gliding bacteria.
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